Nonlinear frequency conversion offers an effective way to expand the laser wavelength range based on birefringence phase matching (BPM) or quasi-phase-matching (QPM) techniques in nonlinear crystals. So far, efficient high-harmonic generation is enabled only via multiple cascaded crystals because of the extreme difficulty to simultaneously satisfy BPM or QPM for multiple nonlinear up-conversion processes within a single crystal. Here we report the design and fabrication of a chirped periodic poled lithium niobate (CPPLN) nonlinear crystal that offers controllable multiple QPM bands to support 2nd-8th harmonic generation (HG) simultaneously. Upon illumination of a mid-IR femtosecond pulse laser, we observe the generation of an ultrabroadband visible white light beam corresponding to 5th-8th HG with a record high conversion efficiency of 18%, which is high compared to conventional supercontinuum generation, especially in the HG parts. Our CPPLN scheme opens up a new avenue to explore and engineer novel nonlinear optical interactions in solid state materials for application in ultrafast lasers and broadband laser sources. DOI: 10.1103/PhysRevLett.115.083902 PACS numbers: 42.65.Ky, 77.80.Dj Since the invention of the laser, nonlinear optics has become a popular and efficient routine for expanding the frequency window of lasers from ultraviolet to visible, infrared, and terahertz bands, and for generating broadband coherent light sources and ultrafast pulse lasers [1] [2] [3] [4] [5] [6] [7] . These are achieved by the interaction of laser light (continuous or pulse) with nonlinear crystals. Different up-conversion processes such as second-harmonic generation (SHG), sum-frequency generation (SFG), and thirdharmonic generation (THG) allow expansion to short wavelength bands [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . To maintain high-efficiency frequency conversion, phase matching must be satisfied for light waves of different frequencies propagating and interacting within the nonlinear crystal, either via the birefringence phase matching (BPM) or quasi-phasematching (QPM) scheme [1] [2] [3] [4] [5] [6] [7] .
Since the invention of the laser, nonlinear optics has become a popular and efficient routine for expanding the frequency window of lasers from ultraviolet to visible, infrared, and terahertz bands, and for generating broadband coherent light sources and ultrafast pulse lasers [1] [2] [3] [4] [5] [6] [7] . These are achieved by the interaction of laser light (continuous or pulse) with nonlinear crystals. Different up-conversion processes such as second-harmonic generation (SHG), sum-frequency generation (SFG), and thirdharmonic generation (THG) allow expansion to short wavelength bands [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . To maintain high-efficiency frequency conversion, phase matching must be satisfied for light waves of different frequencies propagating and interacting within the nonlinear crystal, either via the birefringence phase matching (BPM) or quasi-phasematching (QPM) scheme [1] [2] [3] [4] [5] [6] [7] .
SHG can be readily realized in a single crystal [1] [2] [3] [4] [5] [6] [7] [8] [9] , and THG can also be realized in a single crystal either via the cascaded process of SHG and SFG [10] [11] [12] [13] or directly via the third-order nonlinear interaction [14] . However, it would become more and more difficult, or even impossible, to realize high-harmonic generation (HHG) in a single crystal, because more and more nonlinear up-conversion processes must be simultaneously adopted with phase matching. Instead, a chain of two or more individual nonlinear crystals with cascaded SHG and SFG is used [15] [16] [17] , but with a complicated experimental setup and low conversion efficiency. Another way to realize HHG is via the interaction of a high peak-power ultrafast pulse laser with a dilute atomic vapor and plasma [18] [19] [20] . Very high order HHG with a wavelength in the extreme ultraviolet [21] [22] [23] [24] and x-ray bands [25] has been achieved, but with even lower conversion efficiency. In this work we report simultaneous 5th-8th harmonic generation (HG) from a single chirped periodic poled lithium niobate (CPPLN) nonlinear crystal, which enables the QPM up-conversion of a mid-IR pulse laser into visible ultrabroadband white light with a record-high conversion efficiency of 18%.
A periodic or quasiperiodic nonlinear crystal exhibits a series of discrete reciprocal lattice vectors (RLVs) in the Fourier-transform spectrum [4] [5] [6] [7] [8] with a large effective nonlinear susceptibility χ eff [9, 26, 27] . Each RLV line can only be adopted for the QPM SHG or SFG at a specific frequency ω of the fundamental-wave (FW) pump light. To achieve THG in such a single crystal via cascaded SHG (ω þ ω → 2ω) and SFG (ω þ 2ω → 3ω) [10, 11] , two RLV lines of sufficiently large χ eff , one for SHG, the other for SFG, must be supported, and already this is not an easy thing. It would then be almost impossible to achieve HHG using these crystals, because now more and more RLV lines that match all the cascaded processes and at the same time have sufficiently large χ eff must be available. Because of these difficulties, the experimental realization of efficient HHG via multiple cascaded QPM processes from a single nonlinear crystal has not yet been successful.
Things can become much easier when the RLV lines are expanded into RLV bands of finite bandwidth and large χ eff to allow broadband QPM, because now one can easily find two RLV lines that enable cascaded SHG and SFG for specific pump FW light from these QPM bands. Recently, we introduced chirped modulation into a periodic poled lithium niobate crystal to create a CPPLN crystal, where each discrete QPM line is expanded into a QPM band of finite bandwidth [13] . The center and bandwidth of these QPM bands can be easily designed to support cascaded SHG and SFG and allow simultaneous broadband SHG and THG [13] . Moreover, the broadband QPM in CPPLN enables SHG and SFG up-conversion of the whole broadband FW light of a femtosecond pulse laser. Because the femtosecond laser pulse has a very high peak power, the conversion efficiency can be greatly enhanced compared with the usual narrow-band pump. In the following we will show that such a CPPLN crystal works perfectly well for high-efficiency HHG under the pump of a mid-IR femtosecond pulse laser.
The CPPLN nonlinear crystal has a modulation period of the nonlinear susceptibility varying along the propagation direction described by ΛðzÞ ¼ Λ 0 =½1 þ ðD g Λ 0 z=2πÞ, where Λ 0 ¼ 2π=Δk 0 and D g is the chirp rate. Following Ref. [13] , we chose a structure with an optimized chirp rate of D g ¼ 1.2 to ensure a balanced broadband and high conversion efficiency HHG process. The wave vector mismatch Δk 0 ¼ 4π½n 2 ðλ 0 Þ − n 1 ðλ 0 Þ=λ 0 is defined for SHG at a selected value of the fundamental wavelength, which is λ 0 ¼ 3.8 μm, located well within the spectral band of the mid-IR femtosecond pump light. As shown in Fig. 1(a) , the CPPLN crystal has a fixed width of negative domain, l − ¼ 15.7 μm and a varying length of positive domain, l þ , and the poled period is ΛðzÞ ¼ l þ ðzÞ þ l − . Photographs of the CPPLN sample, fabricated using an electric poling technique [13] , are displayed in Figs. 1(b) and 1(c). The sample has a total length of about L ¼ 16 mm and the lattice pitch size gradually decreases from 34.04 μm at the left end to 28.18 μm at the right end.
The calculated Fourier-transform spectrum of the sample is displayed in Fig. 2 for band B5, all in units of μm −1 . Band B1 has the highest strength in χ eff and still has a sufficiently broad RLV bandwidth, while the other four bands have relatively smaller strength in χ eff but have very broad RLV bandwidth. This unique spectral feature will allow for efficient HHG from such a CPPLN sample via a series of cascaded QPM three-wave mixing (SHG and SFG) processes. Besides, the spectral curves exhibit some noisy lines due to the finite length of the sample.
To clearly illustrate the mechanism of QPM for SHG and SFG in CPPLN, we calculate and plot the phasemismatching curve of the LiNbO 3 material (versus the FW wavelength) for SHG and SFG alongside the Fourier spectral curves (versus the RLV) in Figs. 2(b)-2(f). The wave-vector mismatch Δk i for different nonlinear frequency conversion processes that are responsible for 2nd-8th HG in these figures is defined in Table I . It can be seen clearly from Fig. 2 (b) that in the entire band of the pulse laser FW pump light, 3400-3800 nm, the desired wave-vector mismatching quantity for the Δk 1 (SHG) and Δk 2 (SFG) processes is completely covered by band B1. This means that SHG and THG are enabled by QPM over the entire band of the pulse laser pump light. In other words, all the energies of the mid-IR femtosecond pulse PRL
It can be seen from Fig. 2(b) that for the Δk 3 and Δk 4 processes that contribute to 4th HG, only the phase mismatching curve of Δk 3 has a narrow-band overlapping with band B1 at its large RLV edge ∼0.3 μm −1 . As a result, only the long-wavelength part (around 3800 nm) of the energy of the femtosecond pulse laser can be used to ignite the 4th HG. Because of this narrow-band feature, the overall efficiency of the 4th HG will not be high. According to Figs. 2(c)-2(f), band B2 is responsible for 5th HG dominantly through QPM for the Δk 6 process within the RLV band 0.37-0.45 μm −1 and the associated FW pump wavelength range 3650-3400 nm, while the Δk 5 process contributes negligibly. Considering the compromise among the modest-width QPM band, relatively small χ eff (∼0.01d 33 ), and high intensity second harmonic wave and third harmonic wave enabled by band B1, 5th HG can still take place from the CPPLN sample with considerable conversion efficiency.
Sixth HG can be enabled by QPM via the Δk 7 process within the RLV band 0.415-0.45 μm −1 in band B2 and FW band 3800-3600 nm via the Δk 8 process within 0.55-0.67 μm −1 in band B3 and FW band 3700-3400 nm, and via the Δk 9 process within 0.55-0.67 μm −1 in band B3 and FW band 3800-3550 nm. Because the sample supports broadband QPM and a relatively large χ eff (0.02d 33 − 0.03d 33 ) for all the three processes, it is expected that the efficiency for 6th HG can be at a high level. Three QPM enabled processes contribute to 7th HG, which are the Δk 10 process within 0.55-0.67 μm −1 in band B3 (χ eff ∼ 0.03d 33 ) and FW band 3800-3500 nm, the Δk 11 process within 0.74-1.05 μm −1 covering bands B3 and B4 (χ eff ∼ 0.01d 33 − 0.015d 33 ) and FW band 3800-3400 nm, and via the Δk 12 process within 0.85-1.2 μm −1 in band B4
(χ eff ∼ 0.01d 33 ) and FW band 3800-3400 nm. All three processes cover a broad QPM band and pump light wavelength band, so the efficiency may also be high. As to 8th HG, four QPM enabled processes Δk 13 , Δk 14 , Δk 15 , and Δk 16 via bands B4 and B5 can make contributions. Because of the compromise among the high-order nonlinear interaction, the relatively low χ eff ð∼0.01d 33 Þ, and the available broad QPM band and pump wavelength band, the efficiency of 8th HG might not be high, but it is still observable. We measured and analyzed HHG from the CPPLN sample using the apparatus shown in Fig. 3(a) . A femtosecond optical parametric amplification laser served as the pump source, which can produce 1300 nm centerwavelength near-IR band, 2100 nm center-wavelength IR band, and 3600 nm center-wavelength mid-IR band laser pulses. To ensure that only the mid-IR band (3400-3800 nm) TABLE I. Definition of the wave-vector mismatch Δk as used in Fig. 2 for the different nonlinear three-wave mixing processes that contribute to various-order HHG. k i is the wave number of the ith HG wave within a LiNbO 3 crystal given by k i ¼ i × k 0 × nðλ i Þ, where k 0 is the wave number of the FW in vacuum and nðλ i Þ is the refractive index of LiNbO 3 at the ith HG wavelength λ i .
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3300 3400 3500 3600 3700 3800 3900 femtosecond laser participated in pumping HHG and to clarify the conversion efficiency measurement of the 5th-8th HG, which would occur in the visible band, appropriate filters and a lens were carefully selected for the nonlinear optical measurement setup. As illustrated in Figs. 3(c)-3(e), their performance is quite satisfactory. The final pump light entering the CPPLN sample was then a mid-IR femtosecond pulse laser with a pulse full width at half maximum of 115 fs, average power of 20 mW, bandwidth of 3400-3800 nm, repetition rate of 1 kHz, and peak power of 0.17 GW [ Fig. 3(b) ]. This power level did not cause any damage to the CPPLN sample. The mid-IR femtosecond pump laser was weakly focused with a spot radius of about 200 μm and coupled into the polished end of the sample with a peak intensity of 120 GW=cm 2 and a nearly plane-wave field profile. A very bright white light beam was observed with the naked eye. To analyze the spectrum of the white light beam, we first used a gold grating (1800 lines/mm) for a qualitative assessment. As illustrated in Fig. 4(a) , the zeroth-order diffraction beam and −1st-order diffraction beam were observed. The zeroth-order diffraction beam, which is a direct reflection of the incident beam, manifests a very regular white light spot that maintains the original profile of the pump light beam [ Fig. 4(b) ]. The −1st-order diffraction beam, as illustrated in Fig. 4(c) , looks like a color ribbon composed of a continuous color band ranging from purple to red.
Clearly, this feature reflects the fact that the output light from the CPPLN crystal is an ultrabroadband visible light beam diffracted by the strongly dispersive grating. We further used an optical spectrometer to make an accurate spectral analysis over this output white light beam and found that the output light signal covers a series of visible and near-IR bands corresponding to 2nd-8th HG of the mid-IR FW light. The measured spectrum curve is plotted in Fig. 4(d) (black line) for wavelengths ranging from 350 to 1000 nm and exhibits five discrete bands with peaks located at around 966, 691, 616, 530, and 466 nm, respectively, which obviously correspond to 4th-8th HG of the FW light.
To quantify the conversion efficiency, we used a power meter placed after the bandpass colored glass filter (filter 2) to measure the power of the visible light signal and recorded a value of 1.69 mW. At the same time, we carefully analyzed the spectrum of the output light after filter 2, which is also plotted in Fig. 4(d) (red line) for the sake of comparison. The new spectral curve matches well with the spectrum of the directly output HHG signal (black line) when considering the transmittance performance of filter 2 [ Fig. 3(e) ]. The new spectrum was used as a reference to calibrate the power and efficiency of the HHG signals directly output from the CPPLN sample against the mid-IR FW pump light. Remarkably, the overall output power is calculated to be 2.65 mW. When calibrating the insertion loss due to reflection at the liquid nitrogen-air interface, the conversion efficiency of the entire visible band (400-800 nm, covering the 5th-8th HG signals) within the CPPLN sample is about 18.0%, a value much higher than in atomic vapor and plasma. The conversion efficiency of the 4th-8th HG signals is estimated to be 0.7%, 4.5%, 7.2%, 5.1%, and 1.2%, respectively. Another interesting thing is that 6th HG has a much higher efficiency than 4th HG, and even 8th HG is stronger than 4th HG. This clearly confirms the importance of the design and optimization of the QPM bands that have been made in Fig. 2 for enhancing higher order HG.
In summary, we have realized the design and fabrication of a CPPLN nonlinear crystal that offers controllable multiple QPM bands to support 2nd-8th HG simultaneously. Upon illumination of a mid-IR femtosecond pulse laser, we have observed the generation of an ultrabroadband visible white light beam corresponding to 5th-8th HG with a record high conversion efficiency of 18%. The success is attributed to several factors. First, the CPPLN crystal offers a series of broad QPM bands with a considerably large effective nonlinear susceptibility χ eff and freely designated spectral position to support SHG and SFG in the different wavelength bands that are necessary for various-order HHG. Second, these QPM bands cover a broad wavelength band of pump light and thus enable a large fraction of the energy involved in the mid-IR femtosecond pulse laser to participate in the HHG process. Third, all HHG processes are collinear in this 1D CPPLN sample so that various-order harmonic waves, FW, second harmonic wave, third harmonic wave, etc., are transported along the same direction without a walk-off drawback effect to facilitate a maximum nonlinear optical interaction length and a greatly enhanced efficiency of HHG. Finally, the maximum nonlinear susceptibility component d 33 is adopted in CPPLN. The CPPLN nonlinear crystal with HHG hints at a very promising means for greatly expanding the power to engineer high-order nonlinear interactions in solid state materials and can find application in supercontinuum generation, ultrafast lasers, frequency combs, large-scale laser displays, and short-wavelength laser sources. 
